Anatomy and morphology of needles from six dierent positions within the crowns of western hemlock, Tsuga heterophylla (Raf.) Sarg., were studied to investigate the plastic response of leaf structure to crown position, in relation to stand age. Trees were sampled from three stands, all of which originated following catastrophic ®res, representing a chronosequence (15, 55 and 145 years old) of stand development. Needles from the highest and outermost crown positions showed morphological and anatomical responses normally associated with`sun leaves'. As a measure of expressed plasticity, we calculated a relative trait range (RTR) index to quantify dierences in expressed traits between needles from the upper outer crown (UO needles) and those from the lower inner crown (LI needles). RTR was positive for most morphological and anatomical traits, indicating larger trait measurements on UO needles relative to LI needles (e.g. UO needles were thicker and had more vascular tissue than LI needles). However, the degree to which sun and shade leaf traits were expressed varied between stands. In the youngest stand, UO needles had higher maximal rates of photosynthesis than LI needles ( positive RTR Ps ), but this trend was reversed in the oldest stand (negative RTR Ps ). Mean RTR across all morphological and anatomical traits was higher in the 145-year-old stand than in either the 55-year-old stand (P 0 . 03) or the 15-year-old stand (P 5 0 . 01). While this probably relates mainly to dierences in light conditions between the three stands, it may also indicate a connection between ontogeny and phenotypic plasticity.
INTRODUCTION
Phenotypic plasticity can be de®ned as the ability of a single genotype to express dierent morphological, anatomical, physiological, and/or behavioural traits in response to the environment (Schlichting, 1986; West-Eberhard, 1989; deJong and Stearns, 1990; Via, 1994) . A classic example of phenotypic plasticity in plants is the dichotomy betweeǹ sun leaves', i.e. leaves produced under high light, and`shade leaves', i.e. leaves produced under low light (Boardman, 1977; Lichtenthaler et al., 1981) . These dierences can be expressed not only between plants of the same species growing in dierent light environments, but also within the crown of a single tree. The quantity of light is reduced in the lower crown positions due to shading by the upper canopy, and the quality of light, as measured by the red : far red ratio, is also altered due to preferential re¯ectance (of near infra-red wavelengths) and absorbance (of red and blue wavelengths) as light passes through the crown. Both light quantity and quality are known to aect foliar development (Chabot and Chabot, 1977; Chabot et al., 1979; Jurik et al., 1979; Richards and Lee, 1986; Hinsberg and Tienderen, 1997) . Although the availability of other resources (most importantly, water and nutrients) can aect leaf structure and function, light is considered the main environmental trigger for changes in leaf morphology (Fitter and Hay, 1987) .
Dierences between sun and shade leaves have been studied extensively, and the importance of inter-relationships among physiology, anatomy and morphology are well understood (Smith et al., 1997) . However, little is known about the capacity for changes in phenotypic plasticity with ontogeny (Schlichting, 1986) , and only a few studies have actually compared variation in both leaf structure and function in young and old plants (Farnsworth and Ellison, 1996; Ashton et al., 1998; Richardson et al., 2000) . Most other studies have provided only indirect evidence of developmental changes in plasticity. For example, seedlings are generally considered to be more shade-tolerant than mature trees, and can often survive under much lower levels of light than mature trees (Baker, 1950; Kramer and Kozlowski, 1979; Niinemets, 1996) . Niinemets (1996) attributes this ontogenetic shift partially to the decrease in the proportion of annual production that is allocated to foliage as tree size increases (Givnish, 1988) . A second explanation is that leaf dry mass per area (LMA, which can be directly related to shade tolerance; Niinemets and Kull, 1994) has been shown to increase steadily with tree size (Kull and Niinemets, 1993) . Low-LMA leaves may improve the shade tolerance of seedlings and saplings [as suggested by King (1999) for Eucalyptus], and high-LMA leaves may act as a direct constraint on the shade tolerance of large trees (Niinemets, 1996) .
We hypothesized that the expressed plasticity, or the range of leaf traits across the crown, should be reduced in young trees compared with old trees. This hypothesis was based on the above-noted reduction in shade tolerance which appears to characterize large trees, and the observation that shade-tolerant species have been shown to have less anatomical plasticity than intolerant species (Jackson, 1967a,b) . Supporting this hypothesis, the plasticity of juvenile ivy (Hedera helix L.) appears to be more restricted than that of adults (Ho¯acher and Bauer, 1982) . However, our previous studies have suggested the reverse, i.e. that the oldest trees may in fact have less plasticity than younger trees (Ashton et al., 1998; Richardson et al., 2000) . Furthermore, the relationship between plasticity and tolerance is not universally agreed upon (reviewed by Niinemets, 1997) , and it could be argued that a decreased range of expressed traits should accompany the reduced shade tolerance which comes with increasing tree age.
The availability of limiting abiotic factors such as light, water, and nutrients changes as stands pass through dierent stages of development (Oliver and Larson, 1996) . The degree to which dierent species can respond to these changes could have a major eect on stand dynamics: plasticity can increase the competitiveness of a tree by enabling it to tolerate a wider range of conditions. Connections between ontogeny and plasticity may result in changes in the competitive ability of a species over the time scale of stand development. Thus, understanding this connection may provide insights into stand dynamics and have silvicultural importance.
In this paper, we present data on within-crown variation in leaf morphology, anatomy, and physiology for western hemlock, Tsuga heterophylla (Raf.) Sarg., across three stages of stand development. Western hemlock is a very shade-tolerant conifer of signi®cant commercial importance along the Paci®c coast in both the USA and Canada. The native range of this species covers more than 208 of latitude, from northern California (388 N) to coastal Alaska (618 N), from sea level to over 600 m elevation (Burns and Honkala, 1990) . Although a pioneer on many sites, western hemlock is generally long-lived and reaches canopy dominance in late seral stands.
MATERIALS AND METHODS

Study site description
The research site (which has been described in greater detail elsewhere; see Ashton et al., 1998) (Meidinger and Pojar, 1991) occupying this area represents a transition between true coastal and interior forests.
In an attempt to recreate the chronosequence of succession, we studied three stands of dierent age, viz. 15 years (S15), 55 years (S55), and 145 years (S145). The three stands ®t into the`stand initiation',`stem exclusion', and`understorey re-initiation' stages, respectively, of Oliver and Larson's (1996) stand development model. LePage (1995) documents stand history in greater detail. All of these stands were established following catastrophic ®res. Stem analysis and stand reconstruction have indicated that the stands studied as a chronosequence are representative of stand development patterns in this forest type. These stands are generally dominated by the very shade-tolerant conifers western hemlock and Thuja plicata Donn. (western redcedar). In S15 and S55, these two species dominate the subcanopy; in S145, hemlock dominates the canopy and both species form the subcanopy.
Sampling and measurements
Three trees in each stand were randomly selected for study. Details of the experimental design and sampling protocol are given in Ashton et al. (1998) . Sample trees were well dispersed in each stand to account for possible site heterogeneity. The needles used for the study were located at six dierent crown positions which were characterized as upper outer (UO), upper inner (UI), middle outer (MO), middle inner (MI), lower outer (LO), and lower inner (LI) ( Table 1) . Because of the small size of trees in S15, only UO, LO and LI crown positions were sampled.
On clear, sunny mornings, photosynthesis was measured in the ®eld under full sun (PAR of 1200 mmol m À2 s À1 or greater) using an infrared gas analyzer (Li-Cor 6200, Lincoln, NE, USA). The needles on the branch inside the chamber were counted, and needle fresh mass was measured with a portable balance (Ohaus model CT 200, Florham Park, NJ, USA); we report photosynthesis measurements on a per unit mass basis (mmol g À1 s À1 ). Needle samples were collected from each crown position and immediately ®xed in FAA ( formalin, acetic acid and alcohol; Berlyn and Miksche, 1976) . For anatomical measurements, specimens were embedded in wax and then cut to a thickness of 12 mm on a cryotome, mounted on slides prepared with a gelatin-chrome alum adhesive, and stained in safranin O and fast green FCF. For stomatal measurements, entire needles were cleared in a 1 . 25 M solution of sodium hydroxide at 50 8C and then stained in a 0 . 1 % solution of toluidine blue O. Richardson et al. (2000) give further details of sample preparation. Features were measured using a light microscope with a 12 . 5 Â ®lar micrometer eyepiece, and objectives appropriate to the resolution required. Three needles were measured from each crown position from each tree. Results were averaged across the three trees in each stand and are reported as mean + 1 s.e., unless otherwise noted.
To quantify the degree of variation expressed in each stand for each trait we calculated a simple`relative trait range' (RTR) index based on measurements from the two extreme canopy positions in each stand s: UO (upper outer) and LI (lower inner). We scaled the dierence between UO and LI measurements by the maximum (across all three stands) measured value for each trait, as shown in eqn (1). A positive RTR indicates that the measured trait was larger in needles from UO than in needles from LI; a large RTR indicates that there was a large dierence in the measured trait between UO and LI. We acknowledge that RTR is only a measure of the expressed range of variation and not the actual potential capacity for plasticity.
RTR
mean UO leaf trait in stand s À mean LI leaf trait in stand s maximum value of trait measured across all three stands 1
RESULTS
In all three stands, needle morphology and anatomy varied within the crown along the continuum from UO to LI (Figs 1 and 2 ). UO needles were generally thicker, had a much greater cross-sectional area, and were much heavier than LI needles (Fig. 2) , but needle width showed no distinct trends within the crown. Needle thickness was signi®cantly greater in UO needles than in LI needles in S55 (P 5 0 . 01 by t-test) and S145 (P 5 0 . 01) but not in S15 (Table 2 ). In S55 and S145, the cuticle was signi®cantly thicker in UO needles than in LI needles (P 5 0 . 01), but the dierence was not signi®cant in S15 (Table 2 ). The epidermis was not signi®cantly thicker in UO needles than in LI needles for any of the three stands (Fig. 2 , Table 2 ). In S55 and S145, the palisade mesophyll in UO needles was signi®cantly thicker than in LI needles (P 5 0 . 01 by t-test for each stand). However, in S15, the palisade mesophyll was actually thinner in UO needles than in LI needles (P 5 0 . 01; Table 2 ). There was signi®cantly more vascular tissue in UO needles than in LI needles for all three stands (P 5 0 . 05 in all three stands; Table 2 , Fig. 2 ). There was only a weak relationship between crown position and stomatal length (stomata tended to be longer on shade needles), but stomata were consistently more abundant on UO needles than on LI needles (P 5 0 . 01 in all three stands; Table 2 , Fig. 2 ). Relationships between stands varied with crown position (Table 2 ). For example, UO needles from S145 were thicker than those from either S15 or S55. However, LI needles from S15 were thicker than those from either S55 or S145. UO needles from S15 photosynthesized about 50 % more than those from either S55 or S145; however, LI needles from both S55 and S145 photosynthesized at least 65 % more than those from S15.
Relationships between stands also varied with trait. In every crown position except LI, needles from S145 were heavier than needles from either S15 or S55. Across all crown positions, the cuticle was thicker in S145 than in either S15 or S55. However, these same needles also had less abundant stomata than needles from the two younger stands. Epidermal thickness and palisade thickness did not dier between stands.
Across the three stands, morphological and anatomical RTR varied greatly between traits, but was generally positive (Fig. 3) . Dierences in RTR between stands and traits were assessed using ANOVA: the`trait' eect was Base measurements are the vertical distance from the sample to the base of the tree; bole measurements are the horizontal distance from the sample to the bole of the tree. Standard deviations are given in parentheses. S15, 15-year-old stand; S55, 55-year-old stand; S145, 145-year-old stand; DBH, bole diameter at breast height; Live crown ratio, length of live crown/tree height; UO, upper outer; UI, upper inner; MO, middle outer; MI, middle inner; LO, lower outer; LI, lower inner. Only UO, LO and LI crown positions were used for S15 because of the small size of trees in this stand. signi®cant at P 5 0 . 0001, and the`stand' eect was signi®cant at P 5 0 . 01, indicating dierences in RTR both between traits and between stands. Needle mass, needle cross-sectional area, and vascular bundle cross-sectional area were the most plastic traits, all with mean RTR 4 0 . 20. On the other hand, needle width and epidermal thickness had an RTR very close to zero, indicating that these traits were not very plastic in response to crown position. Mean anatomical and morphological RTR increased with stand age (Fig. 4) , and S145 had a signi®cantly higher mean RTR than either S55 (P 0 . 03 by Fisher's PLSD) or S15 (P 5 0 . 01 by Fisher's PLSD). However, the dierence between S55 and S15 was less signi®cant (P 0 . 21). This pattern was consistent across almost all measured traits (Fig. 3) . However, the trend was reversed for maximum net photosynthesis: in S15, RTR Ps 0 . 42, whereas in S55 and S145, RTR Ps À0 . 20 and À0 . 46, respectively. These data indicate that in the youngest stand maximum net photosynthesis on a unit mass basis was higher in sun leaves than in shade leaves, but the pattern was reversed in S55 and S145.
DISCUSSION
Patterns within the crown
Although our results were generally consistent with those reported in other studies, few other investigators have shown in similar detail how leaf structure and function vary within the crown: typically, just two extreme canopy positions have been studied, and these have usually been assumed to represent sun and shade leaves. An important contribution of our study is that sampling was conducted at six dierent crown positions, along both vertical (upper, middle, lower) and lateral (inner, outer) gradients. Leaf anatomy, morphology and physiology gradually changed from UO to LI for most traits (needle cross-sectional area, stomatal density, and vascular cylinder cross-sectional area, in particular), and across all three stands. These results suggest that the foliar response to the continuum from outer canopy to inner canopy is smooth and continuous, and that it is overly simplistic to talk in terms of`sun leaves' and`shade leaves' (or, alternatively,`outer canopy' and inner canopy' leaves), as if hemlock foliage could only assume one of two extreme morphophysiological types. We do not have data on the light¯uxes incident on each crown position, but the dierences between UO and LI needles were generally consistent with those that have been reported for the so-called sun/shade dichotomy (Boardman, 1977; Lichtenthaler et al., 1981) , indicating that light may be the primary driver of a plastic response. However, an alternative explanation is that these dierences are also related to topophytic eects or developmental cues. Development has been shown to be the cause of variation in leaf morphology of Elaeocarpus hookerianus Raoul, a shrub with small, frequently obovate, juvenile leaves and large, elliptic, adult leaves (Day et al., 1997) . Future experiments to determine conclusively whether environment or development triggers dierences in hemlock needle structure and function could include partial shading and/or illumination of various parts of the crown.
The negative RTR of photosynthesis in the two older stands indicates lower maximal rates of net carbon uptake by sun needles compared to shade needles. This is in direct opposition to typical reports in the literature, i.e. that sun leaves generally have a high maximum photosynthetic rate under saturating light, but are less ecient at low light levels than shade leaves (Boardman, 1977) . Adaptations to high and low light are considered mutually exclusive, as eciency under one extreme precludes eciency at the other extreme (Boardman, 1977) . However, hybrid spruce (Picea engelmannii Â glauca Â sitchensis) trees from the same stands showed a similar pattern, with UO needles photosynthesizing at lower rates than LI needles in the older stands (Richardson et al., 2000) . A possible explanation for this is that water is severely limited in the upper crowns of the older stands, due to the greater transpirational demands from a larger crown, or the diculty in transporting water up a tall trunk (Kozlowski et al., 1991; Rijkers et al., 2000) . Mean tree height in S145 was almost 29 . 5 m, compared with 15 . 5 m in S55 and 1 . 7 m in S15. In practice, it is methodologically impossible to separate conclusively the anatomical eects of a response to drought from those of high light when ®eld-grown specimens are being studied, since the responses to high light and scarce water are often similar (Ashton and Berlyn, 1992) . There is always a trade-o between maximizing carbon gain and minimizing water loss (Givnish, 1979 (Givnish, , 1988 . However, water relations may be a more important factor in the two older stands than in S15. Dierences in the availability of abiotic resources may aect or constrain leaf structure and function to varying degrees in the dierent stands.
Changes in RTR with stand age
Dierences in RTR between the three stands may be related to dierences in canopy structure and light conditions. S15 had an open canopy and abundant light reached the understorey, whereas S55 had a closed canopy and a very shaded understorey. Western hemlock is an important component of the subcanopy of all three stands but dominated the canopy only in S145. In S15, the canopy was approx. 5 m high, and stem density was 25 000 trees ha
À1
. In comparison, the canopy in S145 was approx. 29 m high, and stem density was 4000 trees ha À1 . The top of the average hemlock was some 3 m below the top of the canopy in S15, but at or near the top of the canopy in the two older stands. These data suggest that light levels at UO in S15 are probably somewhat reduced relative to those in S55 or S145 (i.e. not`full sun'). In addition, in S15 the live crown of hemlock trees was only 1 . 7 m in height, compared to over 9 . 0 m in both S55 and S145 (Table 1) . Light extinction is a function of canopy depth, and the deep crowns in the older stands translate to very low light levels at LI. In contrast to this, the shallow crowns in S15 probably result in considerably more light reaching LI (i.e. not`full shade'). Thus there is probably a reduced range of light conditions in S15 compared to S145, and this is a possible explanation for the corresponding lower RTR in the youngest stand.
It is well known that there are physiological dierences between juvenile and mature trees ( for a brief review see Niinemets, 1996) , thus, dierences in RTR may also be related to corresponding dierences in plasticity. The increased shade tolerance of seedlings has already been mentioned, and there can be other dierences too: Gould (1993) documented the extreme heteroblasty of Pseudopanax crassifolius (A. Cunn.) C. Koch, whereby there are dramatic morphological (but not anatomical) dierences between juvenile and adult leaves. Additionally, allometric changes occur with ontogeny, as the function of many plant parts is determined by size-dependent relationships (Niklas, 1994, passim) , and this has physiological, morphological and anatomical consequences which result in functional dierences between large and small trees (Niinemets, 1996) . These functional dierences may constrain morphological and anatomical plasticity, and thus plasticity may develop (or possibly regress) with ontogeny. Niinemets (1996) suggested that as trees age, the relative importance of dierent competitive strategies changes. He argued that branching patterns become more important and foliar plasticity less important in older trees, although our results appear to contradict this as trees in S145 demonstrated signi®cant foliar plasticity. Because there have been few studies relating plasticity to ontogeny, it is dicult to make any generalizations about trends in plasticity with regard to age, but it is possible that the patterns are species-speci®c and probably vary between traits.
There is some evidence in the literature for reduced plasticity as trees mature. Kull and Koppel (1987) found that older Picea abies (L.) Karst. trees were less able to adapt to environmental conditions than young trees. Farnsworth and Ellison (1996) demonstrated that mature mangrove trees appeared to be less plastic than saplings, and the saplings in turn had a narrower range of trait modi®cations in response to a light gradient than did seedlings. Furthermore, our previous work on other species at the Date Creek research site has indicated that older trees might have reduced plasticity compared to young trees. Hybrid Picea from S145 appeared to be less plastic than hybrids from either S15 or S55 (Richardson et al., 2000) , and mature Betula papyrifera Marsh. trees from S145 were anatomically less plastic (morphologically of similar plasticity) than young B. papyrifera from S15 (Ashton et al., 1998) . Rijkers et al. (2000) found that lightsaturated rates of photosynthesis (on a leaf area basis) increased with increasing tree height in four neotropical species, although the range of variation between trees actually decreased. The decreasing range of variation could thus be interpreted as an indication of a negative relationship between plasticity and tree size. However, on the basis of leaf morphology data from the same trees the opposite conclusion was reached: the authors found that LMA increased with increasing tree size and interpreted this trend as evidence of developmentally constrained plasticity in small trees. Similarly, cuttings grown from juvenile ivy plants have been shown to be less able to acclimate to high light than cuttings from adults (Ho¯acher and Bauer, 1982) . Our results are consistent with the hypothesis that the capacity for plasticity can increase with tree age.
